Abstract No proven pharmacological therapies to delay or reverse age-related diastolic dysfunction exist. We hypothesized that late-life low-dose (non-bloodpressure-lowering) angiotensin-converting enzyme inhibition vs. angiotensin II receptor blockade would be equally efficacious at mitigating diastolic dysfunction in the senescent Fischer 344×Brown Norway rat. Enalapril (10 mg/kg/day; n=9) initiated at 24 months of age and continued for 6 months, increased myocardial relaxation (e'), reduced Doppler-derived indices of filling pressure (E/e'), favorably lowered the ratio of phospholamban-SERCA2 and reduced oxidative stress markers, Rac1 and nitrotyrosine, in aged hearts. Treatment with losartan (15 mg/kg/day; n=9) similarly mitigated signs of cardiac oxidative stress, but impairments in diastolic function persisted when compared with untreated rats (n=7). Our findings favor the idea that the lusitropic benefit of low-dose angiotensinconverting enzyme inhibitor initiated late in life may be related to an antioxidant-mediated modulation of SERCA2, resulting in improved relaxation rather than via overt effects on cardiac structure or blood pressure.
Introduction
Cardiac aging is associated with increases in left ventricular (LV) chamber stiffness and reductions in myocardial relaxation, leading to diastolic dysfunction. Impairments in diastolic function represent a significant public health concern, particularly given the growing number of older persons in industrialized nations (Anderson and Hussey 2000) and the increased prevalence of heart failure with preserved ejection, or diastolic heart failure, among those older than 65 years of age (Bhatia et al. 2006; Kitzman et al. 2001) . The only preventive measures showing promise in halting or postponing the subtle degenerative processes of aging that contribute to diastolic dysfunction are caloric restriction (Meyer et al. 2006; Riordan et al. 2008 ) and physical exercise (Brenner et al. 2001; Groban et al. 2008; Belardinelli et al. 1995; ArbabZadeh et al. 2004; Gielen et al. 2010) . Currently, there are no proven pharmacological therapies to delay or reverse age-related diastolic dysfunction, independent of medically managing underlying comorbidities such as hypertension, obesity, coronary atherosclerosis, and diabetes, which, in some cases, may be the root cause (Shah et al. 2011; Willens et al. 2005; Okin et al. 2004; Meredith and Ostergren 2006; Hunt et al. 2008; Beckett et al. 2008) . This is particularly relevant given that not all older individuals benefit from or are capable of participating in physical exercise, nor is weight loss necessarily recommended for individuals 65 years and older. However, low-dose angiotensinconverting enzyme inhibitor (ACE-I) or angiotensin receptor blockers (ARB) may be equally as effective as these more traditional behavioral approaches.
ACE-Is and ARBs are rational pharmacological choices given the central role that the renin-angiotensin system (RAS) has in the development of cardiovascular and target organ damage. Blockade of the RAS has become standard therapy for the management of systolic heart failure (Hunt et al. 2008; Granger et al. 2003; McMurray et al. 2003 ) and is beneficial in older patients with diastolic dysfunction (Warner et al. 1999; Little et al. 2004; Cleland et al. 2006 ). In addition, growing evidence suggests that aging is associated with changes in local cardiac RAS activation that are independent of changes in the circulating RAS. For example, gene expression of angiotensinogen, angiotensin-converting enzyme (ACE), and the angiotensin type 1 (AT1) and AT2 receptor are increased in hearts of senescent rats, whereas these same components are unchanged or reduced in the circulation of the aged rodent (Heymes et al. 1994 (Heymes et al. , 1998 . Furthermore, increases in cardiac angiotensin II (Ang II) and aldosterone levels in aged rats are associated with LV remodeling (Lacolley et al. 2001) . Specifically, Ang II promotes myocyte hypertrophy, increases myocardial collagen synthesis, and is mitogenic to neonatal cardiac fibroblasts (Sadoshima and Izumo 1993; Schorb et al. 1993; Sun et al. 2004) . Locally produced Ang II also regulates de novo aldosterone production, which contributes to interstitial fibrosis (Delcayre et al. 2000) and functional alterations in the aged heart (Dostal and Baker 1999) .
The pharmacologic inhibition of the RAS, with either an ACE-I or ARB, has been shown to counteract the structural consequences of cardiac aging. Rats treated from weaning through adulthood with the ACE-I, enalapril, or the ARB, losartan, failed to show the expected reduction in myocyte number and increase in cardiac collagen deposition that normally occur during their lifespan (Basso et al. 2007) . Similarly, treatment with the ACE-I perindopril for 1 year reduced left ventricular mass and interstitial collagen accumulation in both hypertensive and normotensive adult rats (Michel et al. 1988) . Even short-term angiotensin II type 1 receptor inhibition has been shown to be beneficial in reversing or retarding age-related cardiac structural remodeling. Specifically, 12 weeks of low-dose candesartan reduced left ventricular hypertrophy by nearly 50% in a group of pre-senescent rats compared with untreated littermates (Saupe et al. 2003) . Still, it is not known whether these improvements in cardiac architecture abrogate age-related impairments in myocardial relaxation and ventricular compliance. Accordingly, in the present study, we sought to determine the relative effectiveness of late-life administration of a low-dose (non-blood-pressure-lowering) ACE-I vs. ARB on the structural and functional abnormalities of normal cardiac aging in the Fischer 344×Brown Norway (F344BN) rat using echocardiography, blood pressure, and heart rate monitoring. Furthermore, we assessed local cardiac changes in Ang II and Ang-1-7 as well as other cardiac calcium regulatory proteins and oxidative stress markers known to modulate LV relaxation, stiffness, and collagen deposition: SERCA2, phospholamban, RAC1, and nitrotyrosine. We hypothesized that the two strategies of RAS blockade would be similarly efficacious at mitigating diastolic dysfunction.
Methods

Animal model
For all studies, we used male F344BN rats purchased from the National Institute on Aging Colony at Harlan Industries (Indianapolis, IN). The F344BN rat strain has been extensively used for aging studies given that they demonstrate age-related changes in cardiac structure (e.g., reductions in myocyte number, increases in myocyte size, and interstitial collagen deposition) resembling those occurring in humans (Wang et al. 2010; Hacker et al. 2006) . Animals were received at 22 months of age and housed individually on a 12-h light/dark cycle in a specific pathogen-free facility accredited by the American Association for Accreditation of Laboratory Animal Care. From 22 to 24 months of age, animals were allowed to acclimate to their housing conditions. All experimental protocols were approved by the University of Florida's Animal Care and Use Committee.
Experimental protocol
At 24 months of age, rats were randomly assigned to receive either enalapril (EN, 10 mg/kg/day; n=9), losartan, (LOS, 15 mg/kg/day; n=9) or vehicle (VEH; n=7) for 6 months. The doses were chosen to provide nominal effects on blood pressure. Drug delivery was accomplished by compounding the various treatments into bacon-flavored food tablets (Bio-Serv, Frenchtown, NJ). Vehicle-containing food tablets were identical to those delivering enalapril or losartan, except that the drug was omitted. Cardiac structure and function was determined by echocardiography at the end of 5.5 months of treatment, at 29.5 months of age. At 30 months of age, rats were sacrificed by rapid decapitation. Whole blood was collected and processed for subsequent determination of angiotensin peptides and serum ACE activity. The thorax was quickly opened, and the heart was rapidly removed and weighed with one half being submerged in 10% formalin and the other frozen in liquid nitrogen, and then stored at −80°C for angiotensin peptide and immunoblot analyses.
In a separate cohort of rats (n=4/group), tail-cuff blood pressures and heart rate (Hatteras Instruments, Cary, NC) were measured. Approximately 1 week prior to being killed, animals were adapted to the apparatus by being placed in restrainers and experiencing the tail-cuff procedure for 30 min/day over 3 days. Animals were then tested for 30 min/day, during which movement-free signals were averaged for that day. Overall, animals were tested for 3 days to ensure stability within each rat.
Biochemical analyses of angiotensin peptides and ACE activity Immediately following decapitation, trunk blood was collected in pre-chilled tubes containing peptidase inhibitors (25 mmol/l EDTA, 0.44 mmol/l 1,2-orthophenanthroline monohydrate, 1 mmol/l sodium para-chloromercuribenzoate, and 3 μmol/l of the rat renin inhibitor, WFML-1) as described by Ferrario et al. (2005) . These inhibitors were used to prevent Ang I generation, Ang I to Ang II conversion, and Ang II and Ang-(1-7) degradation. After 30 min on ice, blood cells were isolated by centrifugation at 3,000×g for 20 min, and aliquots of either plasma or serum were stored at −80°C until use. Left ventricular tissues (n=7-9 per group) were rapidly collected and snap-frozen in liquid N 2 and stored at −80°C for later assay. Angiotensin peptides were extracted from the plasma and tissue samples using C18 Sep-Pak columns (Waters, Milford, MA), and the eluate was analyzed by radioimmunoassay for Ang II and Ang-(1-7) as described by Ferrario et al. (2005) . The minimum detectable limits of the Ang II and Ang-(1-7) assays were 0.8 and 2.5 pg/ml, respectively. The intra-and interassay coefficients of variability were 12% and 22% for Ang II and 8% and 20% for Ang-(1-7), respectively.
Serum ACE activity was determined by incubation of the sample with radio-labeled 3H-Hip-Gly (pH 8.0) for 1 h at 37°C. The intra-assay variation was 3.9%, and the interassay variation averaged 5.9%.
Determination of LV structure and function by echocardiography
For the echocardiogram, rats (n=7-9 per group) were anesthetized with an isoflurane (1.5%)/oxygen mixture by nose cone during spontaneous ventilation. Anesthetized, spontaneously breathing animals were placed in a shallow left lateral decubitus position, with electrocardiographic adhesive electrodes applied to the paws. The left hemithorax was shaved and prepped with acoustic coupling gel to increase probe contact. Animals were secured to a warming table to maintain normothermia. Using a commercially available sector scanner equipped with a 12 MHz phasedarray transducer (Envisor, Philips Medical Systems, Andover, MA), images were obtained at 100 mm/s sweep speed and recorded on a digital storage optical disk for off-line analysis. Diastolic posterior wall thickness (PWTed) and LV end-diastolic and endsystolic dimensions (LVDD, LVSD) were measured from midpapillary, short-axis images obtained by Mmode echocardiography. The percentage of LV fractional shortening (%FS), an index of global systolic function, was calculated as ((LVDD-LVSD)/LVDD)× 100. Relative wall thickness was calculated as (2× PWTed)/LVDD. Mitral inflow measurements of early filling velocities (Emax), deceleration slope (Edecslope), and time (Edectime) were obtained using pulsed Doppler, with the sample volume placed at the tips of mitral leaflets from an apical four-chamber orientation. Due to relatively high heart rates and fusion of the early and late Doppler profiles, only the early transmitral filling velocity was measured. Pulsed-Doppler tissue imaging to assess septal mitral annular descent (e') was also obtained from the fourchamber view. The ratio of early transmitral filling-tomitral annular descent, or E/e', was used as an index of filling pressure. All measured and calculated systolic and diastolic indices are represented as the average of at least five consecutive cardiac cycles to minimize beat-to-beat variability.
Histological determination of cardiac collagen deposition
Vertical, long-axis sections of the formalin-fixed heart were taken through the left ventricle. Specimens were dehydrated with ethanol and embedded into paraffin blocks. Following microtome sectioning, 4-μm tissue sections were stained with Verhoeff-van Gieson for assessment of interstitial and perivascular elastin (black stain) and collagen (pink stain) fibers. The sections were examined under bright field using a Leica DM4000B microscope system (Bannockburn, IL). Bright field photomicrographs were captured with a Leica DFC digital camera and processed using Leica Application Suite software. Adobe Photoshop Creative Suite 3 (Adobe Inc., San Jose, CA) was used to determine the ratios of collagen positive stained pixels in each photomicrograph (four randomized quadrant field images per rat, magnified ×200) by an observer masked to the treatment protocol.
Protein expression by Western Blot analysis of SERCA2, phospholamban, Rac1, 3-nitrotyrosine Sarcoplasmic reticulum membranes and LV tissue homogenates were prepared as described previously (Groban et al. 2008) . Briefly, samples were separated by SDS-PAGE and transferred onto polyvinylidene fluoride membranes. Immunoblots were probed for the key calcium regulatory proteins, anti-sarcoplasmic endoplasmic reticulum calcium ATPase 2 (SERCA2) (1:1000 dilution; Abcam, Cambridge, MA) and antiphospholamban (PLB) (1:5000 dilution; Abcam, Cambridge, MA), and oxidative stress markers, including antibodies for 3-nitrotyrosine (1:100 dilution; Abcam, Cambridge, MA), and the NADPH oxidase subunit, Rac1 (1:500 dilution; Cytoskeleton Inc., Denver, CO). To normalize the variability of protein loading, the antibody to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:5,000 dilution; Cell Signaling, Danvers, MA) was probed onto the stripped membranes corresponding to the aforementioned proteins (Western Blot Recycling Kit: Alpha Diagnostic International, Inc., San Antonio, TX). The bands were scanned and digitized (MCDI image analysis software; Imaging Research Inc., Ontario, Canada). Each band was normalized to its own GAPDH and expressed in arbitrary units. The PLB-to-SERCA2 ratio was used as a measure of SERCA2 inhibition.
Immunohistochemical analysis of Rac1
Immunohistochemistry was used to identify and localize Rac1 in the myocardial tissue. Formalinfixed and paraffin-embedded tissue sections were deparaffinized, exposed to 3% hydrogen peroxide to block endogenous peroxidase activity, and subjected to antigen retrieval via immersion in citric acid (pH 6.0, 0.01 mol/L) at 95°C for 15 min followed by slow cooling to 60°C. After treatment with the blocking serum, the sections were incubated with monoclonal antibody against the Nox2 NADPH oxidase subunit, Rac1 (Cytoskeleton Inc., Denver, CO) overnight at 4°C, rinsed with phosphate-buffered saline, and incubated with biotinylated anti-mouse IgG (Vector Laboratories, Burlingame, CA) for 3 h at 4°C. Antibody binding was detected with the Vectastain ABC Elite avidin/biotin/peroxidase kit (Vector Laboratories, Burlingame, CA) for 30 min at room temperature, followed by incubation with the peroxidase substrate solution, diaminobenzidine. The tissue sections were counterstained with hematoxylin, dehydrated, mounted, and observed under light microscopy with a ×400 objective.
Statistical analysis
All data analyses were performed using Graph Pad Prism 5.01 software (GraphPad Software, La Jolla, CA). Data were analyzed using one-factor analysis of variance (ANOVA) and Dunnett's post test. If homogeneity or normality was not satisfactory (e.g., PLB/ SERCA2, plasma Ang II) a non-parametric one-way ANOVA (Kruskal-Wallis) was performed on the ranked measurements followed by Dunn's multiple sample comparisons. All data are expressed as mean± SEM. A p value of <0.05 was considered statistically significant.
Results
Effect of low-dose losartan and enalapril on physical characteristics and resting systolic blood pressure and heart rate In comparison with control animals, body weight, left ventricular weight, whole heart weight, and heart weight index, calculated as whole heart weight divided by body weight (milligrams per kilogram), were not affected by enalapril or losartan treatment (globally referred to as low-dose RAS blockade; Table 1 ). In addition, low-dose RAS blockade did not significantly lower systolic blood pressure (EN, 144±3; LOS, 141±9 mmHg; VEH, 163±5 mmHg, p>0.05 or heart rate (EN, 341±6; LOS, 334±15; VEH, 344±6 beats/min, p>0.05). These data suggest that any observed effects of lowdose RAS blockade on cardiac remodeling are independent of hemodynamic properties of these compounds.
Effect of chronic losartan and enalapril on RAS components in plasma and heart
In order to determine the efficacy of low-dose RAS blockade and the potential role of circulating and local RAS components in the development of age-related diastolic dysfunction, plasma, and tissue concentrations of Ang II and Ang-1-7 and serum ACE activity were determined (Table 2) . Indeed, a close link between an increased cardiac RAS and left ventricular remodeling has been implicated in the aging cardiac phenotype (Lakatta 2003; Stein et al. 2010; Ito et al. 2007 ). In confirmation of treatment, circulating Ang II levels were significantly increased in losartan-treated rats compared with enalapril-and vehicle-treated rats (p<0.01). Moreover, serum ACE activity was significantly reduced in enalapril-treated rats compared with the other groups (p<0.05). Plasma Ang-(1-7) levels were not affected by either RAS-I. There was also a tendency for higher Ang II levels in hearts of control animals vs. enalapril-and losartan-treated animals (p=0.12), but this difference did not achieve statistical significance. In contrast to our original prediction, cardiac Ang-(1-7) was significantly higher in vehicle-treated control rats (p<0.001), possibly indicating a compensatory mechanism against agerelated oxidative stress.
Effect of chronic losartan and enalapril on echocardiographic-derived indices of cardiac structure and function
The effects of ACE inhibition and angiotensin receptor blockade on echocardiographic-derived var- (Groban et al. 2010 ).
Effect of chronic losartan and enalapril treatment on cardiac calcium regulatory proteins and oxidative stress markers
The increase in myocardial relaxation in enalapriltreated rats coincided with an increase in SERCA2 expression, the key protein involved in cytosolic Ca 2+ reuptake into the sarcoplasmic reticulum, compared with vehicle-and losartan-treated rats (all p's<0.05). While phospholamban, the endogenous inhibitor of SERCA2, was not affected by either treatment, the PLB/SERCA2 ratio was significantly lower in the enalapril group vs. vehicle (p<0.05; Fig. 2) .
A close link between age-related oxidative stress and a disruption of membrane proteins and/or alterations in the extracellular structure of the heart leading to remodeling has been demonstrated (Wang et al. 2010) . Because the NADPH oxidases are primary suppliers of ROS leading to oxidative stress (Cai et al. 2003) , the level of the regulatory subunit of the Nox2 NADPH oxidase isoform, Rac1 was evaluated by immunoblot and immunohistochemical techniques. Protein expression of Rac1 was significantly decreased in enalapriland losartan-treated rats (p=0.008; Fig. 3 ). The level of nitrotyrosine, another marker of oxidative/nitrative stress, was also suppressed in enalapril-treated (p< 0.05) and losartan-treated rats (p<0.01; Fig. 4 ).
Effect of chronic losartan and enalapril on cardiac collagen deposition Perivascular fibrosis, as represented by the average grayscale intensity of Verhoeff-van Gieson staining (for collagen), was nominal in control animals and was not altered by treatment with either enalapril or losartan (Fig. 5) . Similarly, interstitial fibrosis was not different among groups (data not shown).
Discussion
The major finding of the present study is that there are differential effects of low-dose enalapril and losartan treatment on tissue Doppler indices of diastolic function when administered chronically, late in life to F344BN male rats. This effect was independent of changes in hemodynamic characteristics of these compounds given that we observed no overt changes in either blood pressure or heart rate compared with vehicle-treated controls. Circulating Ang II increased with losartan and ACE activity decreased with enalapril, even though plasma levels of Ang-1-7 levels were not affected by treatment. In contrast, cardiac Ang-1-7 levels were lowest in RAS-I-treated rats whereas tissue Ang II levels were not different from vehicle controls. This highlights the fact that circulating levels of ANG peptides are potentially independent of the local cardiac milieu. Furthermore, tissue Doppler measures of diastolic function, mitral annular velocity (e'), were increased and a surrogate to left ventricular filling pressure, early transmitral filling-to-mitral annular velocity (E/e'), was reduced by enalapril. Enalapril also enhanced the expression of a key cardiac calcium regulatory protein known to modulate LV relaxation, SERCA2, and favorably lowered the ratio of phospholamban/SERCA2. These effects were not observed with losartan treatment. However, both enalapril and losartan mitigated markers of oxidative stress including RAC1 and nitrotyrosine; effects that are known to be modulated by Ang II levels (Wang et al. 2010 ). ACE-I or ARB treatment has been shown to retard the adverse left ventricular remodeling instigated by aging, hypertension, and heart failure (Basso et al. 2007; Ito et al. 2007; Chrysant 2008; Greenberg et al. 1995) . While latelife treatment with losartan reduced PWT in the aged F344BNF rat when compared with vehicle, relative wall thicknesses were not substantially affected by either RAS inhibitor in this study. Indeed, PWT and its relation to chamber size is a well-recognized measure of hypertrophy (Foppa et al. 2005) . Taken together with the lack of an affect of enalapril or losartan on cardiac collagen deposition, these findings suggest that attenuation of age-related structural remodeling has minimal impact on the functional response to low-dose RAS blockade in old F344BN male rats. Specifically, our findings favor the idea that the lusitropic benefit of low-dose, chronic ACE inhibition initiated late in life may be related to an antioxidant-mediated modulation of the calcium regulatory protein, SERCA2, resulting in improved relaxation rather than via overt effects on cardiac structure or blood pressure. Fig. 2 a The dephosphorylated phospholamban (PLB)/sarcoendoplasmic Ca 2+ adenosine triphosphatase (SERCA2) ratio, determined from the cardiac homogenate, was lower in the enalapril-treated rats when compared with vehicle-treated rats. Given that dephosphorylated PLB blocks SERCA2, the lower PLB/SERCA2 ratio indicates improved SERCA2 functioning by enalapril. Values are means±SEM. **p<0.01 b Representative immunoblots of SERCA2 and PLB from each group are displayed
In this study, a single dose of each drug was chosen, aiming to have minimal effects on systolic blood pressure in both treatment groups (Strawn et al. 1999; Heller et al. 2005; Ferder et al. 2002; González Bosc et al. 2000; Harding et al. 1993 ). Although the difference in mean systolic blood pressures between enalapril and losartan-treated rats was only 3 mmHg, there was about a 20 mmHg difference in systolic blood pressure when rats treated with RAS blockade (mean SBP, 142±4 mmHg) were compared with their counterparts receiving vehicle (162±5 mmHg). Certainly, even modest blood-pressure-lowering actions can benefit diastolic function (Solomon et al. 2010; Solomon et al. 2007 ). However, despite the same reductions in blood pressure in the losartan-treated rats, diastolic function was not improved to a similar extent to the respective improvements in enalapriltreated animals. This is in agreement with the results reported in mice chronically treated with enalapril from weaning vs. treatment with propranolol, nifedipine, or hydrochlorothiazide (Ferder et al. 2002) . Ferder et al. (2002) showed that despite similar bloodpressure-lowering effects among antihypertensive agents, only enalapril-treated mice were protected from age-related organ damage, and they had a longer life span. Taken together with the findings from experimental models of hypertension that have shown attenuations in cardiac hypertrophy, cardiac dysfunction and fibrosis with ACE-Is and ARBs at doses that were independent of significant blood-pressurelowering effects (Sen 1983; Gupta et al. 2005) , it is reasonable to suspect that the mitigation of diastolic dysfunction in the enalapril-treated rats was due to Fig. 3 Aging is accompanied by both a decrease and impaired functioning of SERCA2 (Xu and Narayanan 1998) , which is a major promoter of impaired myocardial relaxation (Groban 2005) . Diastolic relaxation occurs when calcium is removed from troponin C by the activity of SERCA. Decreased expression of SERCA2, or an increase in its inhibitory regulator, phospholamban, results in reduced reuptake of intracellular Ca 2+ into the sarcoplasmic reticulum, subsequently leading to an increase in cytosolic calcium load, and impaired relaxation. It has also been shown that angiotensin II (Ang II) decreases SERCA2 gene expression in ventricular cardiomyocytes and that this effect is attenuated by treatment with an ARB or ACE-I (Ju et al. 1996; Reinicke et al. 1995; Holtz et al. 1992) . Furthermore, in experimental models of heart failure and hypertension, ACE-I and ARBs improve SERCA2 content, limit oxidative stress, and improve diastolic function (Shao et al. 2005; Flesch et al. 1997 ). While our data in the enalapril-treated rats corroborate these reports, a similar increase in SERCA2 and improvement in lusitropic function was not observed in losartan-treated rats.
Indeed, a key mechanism involved in cardiac aging and age-related cardiovascular diseases is enhanced oxidative stress (Sohal 2002; Ungvári et al. 2005; Kakarla et al. 2010) . Increases in oxidative stress have been associated with age-related declines in heart function (Sohal 2002) . The protein SERCA2 is one prominent target of oxidation and tyrosine nitrationinduced damage of aging (Klebl et al. 1998; Knyushko et al. 2005) . Knyushko et al. (2005) attributed the functional reduction in SERCA2 activity they found in the senescent Fischer 344 rat heart to increased nitrotyrosine modifications of multiple tyrosines within the cardiac SERCA2 protein. Nitration in the senescent heart was found to increase by more than two nitrotyrosines per Ca2+ ATPase molecule, and this was associated with an increase in intracellular calcium with the aged myocytes. Indeed, increases in intracellular calcium lead to reductions in the efficiency of myocyte relaxation. Nitration of select tyrosines on the SERCA2 isoform was not determined in the present study. However, the increased cardiac accumulation of nitrotyrosine, a marker of oxidative/nitrative stress, in the untreated aged rats versus those on RAS blockade suggest that a functional decline in SERCA2 might have partially contributed to the impaired relaxation in this group. Even though nitrotyrosine expression was lessened by losartan in the present study, this did not correspond with an improvement in mitral annular descent (e'), or relaxation, in these animals. It could be that an increase in SERCA2 content and a decrease in presumed oxidative/nitrative damage to SERCA2 are required to favorably affect diastolic function in the F344BN rat, as demonstrated in the enalapril-treated animals.
Attenuation of age-related oxidative stress by RAS blockers may also be due to modulation of myocardial NADPH oxidases (Griendling and FitzGerald 2003; Griendling et al. 2000) . Emerging evidence demonstrates that NADPH oxidase-derived ROS are important in cardiac aging, which can be regulated by the RAS (Ito et al. 2007; Wang et al. 2010 ). Although we do not have direct evidence of cardiac oxidative stress in our aged animals, we found reduced levels of the NADPH oxidase subunit, Rac1, in enalapril-and losartan-treated rats. In agreement with a suspected attenuation of oxidative stress by the RAS blockers, we found an increase in the glutathione/glutathione disulfide ratio (GSH/GSSG), a marker of oxidative stress, and a reduction in protein carbonyl formation, an indicator of oxidative damage, in visceral fat rendered from the same losartan-and enalapriltreated rats compared with their age-matched counterparts receiving vehicle alone (unpublished data).
The disparate findings between enalapril and losartan treatments might be due to differences in potency of RAS blockade, as others have shown similar effects on heart function when losartan was administered at two-to threefold higher doses than enalapril (Wang et al. 2004; Guo et al. 2008) . In this study, a single dose was chosen to have minimal effects on systolic blood pressure in the "normative" aging F344BN rat. Another reason for the dissimilar findings between treatments might be due to the multiple actions of ACE-Is, which not only block Ang II production but also alter the levels of other peptides such as bradykinin (Linz et al. 1995) . Although we observed an increase in plasma Ang II in losartan-treated but not enalapril-treated rats, local Ang II concentrations were not significantly altered, further suggesting that the effects we observed with enalapril were independent of changes in angiotensin peptides.
In contrast, local Ang II has been implicated in age-related increases in cardiac fibrosis (Groban et al. 2006) , and ACE-Is and ARBs attenuate structural remodeling during cardiac aging, a potent risk factor for diastolic dysfunction (Basso et al. 2007; Michel et al. 1988; Saupe et al. 2003) . However, in the present study, enalapril improved diastolic function without alterations in structural remodeling perhaps due to insufficient dosing or to the late in life treatment. It is interesting to note, however, that both treatments lowered cardiac Ang-1-7, a peptide shown to attenuate the development of heart failure in a rat model of myocardial infarction (Loot et al. 2002) and blunt Ang II-induced cardiac hypertrophy (Mercure et al. 2008) . Whether the higher cardiac Ang-1-7 in untreated BNF344 rats demonstrated in this study, and previously (Groban et al. 2008) , represents part of a compensatory mechanism against oxidative stress of normal, "unprovoked" aging, remains speculative.
The results in this study from the late-life RAS blockade indicate that chronic enalapril treatment, as opposed to losartan, improved diastolic function independent of blood-pressure-lowering effects. The lusitropic benefit of enalapril was associated with increases in the cardiac calcium regulatory protein, SERCA2, and reductions in markers of oxidative and nitrosative stress. Cardiac collagen deposition did not appear to have a prominent role in influencing the diastolic functional phenotype of the aged F344BN in this study. It remains to be determined whether commencement of treatment with low, non-depressor doses of enalapril or losartan, even earlier in the lifespan of the F344BN might be more effective at preventing the onset of the degenerative processes that influence diastolic function.
Clinical perspective
Older patients with preclinical or asymptomatic diastolic dysfunction have an increased risk of developing diastolic heart failure (Redfield et al. 2003; Achong et al. 2009 ), even though traditional cardiovascular risks often are absent. An increasing body of evidence suggests that oxidative stress and an activated RAS contribute to the senescent cardiac phenotype. In view of the still-persisting uncertainty about how to handle and limit the progression of diastolic dysfunction, aggressive control of traditional risk factors including the modulation of age-related oxidative stress, is needed. Whether and to what degree the intriguing effects of low-dose ACE inhibition with enalapril in improving ventricular lusitropy in the "normal" aging BNF344 rat may translate into benefits for older patients without overt comorbidities, such as hypertension, diabetes, and obesity, remains to be tested clinically.
